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Abstract 
Reactor design is commonly constrained to already well-known reactor shapes. This article presents 
an innovative application of shape optimization techniques to design biocatalytic microreactors. 
Currently, the optimization of reactor performance is often done by considering solely the process 
conditions. However, common reactor types used in (bio)chemical processes do not always give the 
optimal conditions for executing the reaction, and it is therefore necessary to look into new 
approaches to further improve the performance of reactors. The new application of shape 
optimization described in this paper has as its main goal the design of a reactor by compensating for 
the limitations of the reaction system by modifying the reactor configuration. Random search was 
the optimization method chosen for transforming the initial reactor configuration to a more optimal 
one.  
The case study presented here investigates the impact of a change to the microreactor shape on the 
active mixing of two parallel streams (one containing an enzyme, amino transaminase, and the other 
the substrates, acetophenone and isopropylamine) and consequently its influence on the reaction 
yield. Compared to the original reactor configuration, the shape optimization resulted in changes of 
the microreactor wall surfaces leading to an 8.4 fold improvement of the reactor yield. This 
innovative optimization also offers the opportunity to obtain new structures which can later be 
tested experimentally.  
 
Keywords: shape optimization, reactor design, enzymatic reaction, microreactor 
 
1. Introduction 
In the chemical industry, bioprocesses have been one of the main areas of industrial expansion in 
the past decades. Bioprocesses are most commonly applied in the pharmaceutical, the food and the 
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chemical industry. Bioprocesses involve the use of microorganisms or their constituent parts such as 
enzymes – as a catalyst for producing valuable substances such as recombinant proteins, drugs (e.g. 
insulin, antibiotics) or even bio-based chemicals (e.g. bioethanol) to name a few [1]. 
The reactor design for a bioprocess is chosen according to available configurations that have been 
reported in the scientific literature [2], or that are available at the production sites (e.g. stirred tank 
reactors, plug-flow reactors, packed bed reactors and fluidized bed reactors). After the reactor 
configuration has been chosen, the process conditions are optimized. This optimization is typically 
done by adjusting process parameters such as concentration of reactants, temperature, feed flowrate 
and pH value.  
Nevertheless, although the process parameters are adjusted, the reactor configuration is not always 
optimal. In fact, common phenomena that indicate non-ideal reactor behavior are frequently 
observed in industrial scale reactors, such as poor mixing, channeling or dead zones, which can 
result in unreacted substrate exiting the reactor. This might then have a severe impact on the 
downstream processing and on the respective operating costs of the process. 
The complex reaction mechanisms of enzymatic processes and the difficulties in adapting the 
process to the reactor while simultaneously obtaining high reaction yields give a clear motivation to 
explore new strategies for improving a reactor configuration.   
A new strategy for developing a reactor is therefore suggested in this paper: instead of adapting the 
process to a well-known reactor shape, a shape optimization method is used to find the reactor 
configuration with best performance for the specific reaction system. 
Shape optimization is a mathematical methodology often used in mechanical and civil engineering. 
The methodology aims at finding the optimal geometry within a defined domain which minimizes 
or maximizes an objective function and fulfills specific pre-defined constraints. This work presents 
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a new implementation of shape optimization in chemical engineering, which can become a novel 
approach for intensifying equipment and complements the existing process intensification methods.  
In the scientific literature, the majority of the shape optimization studies uses gradient-based 
optimization procedures [3–7]. However, there are some cases in which the optimization procedure 
consists of a gradient-free optimization method [8–10]. The gradient-based optimization method is 
an algorithm, which uses the direction of the steepest gradient of the objective function at the 
current point as the direction to evolve the subsequent iteration.  
Gradient-free optimization methods are procedures which do not comprise derivatives in order to 
determine the optimum. These methods are often described as heuristic search methods, which 
mimic the process of natural selection.  
The gradient-based optimization methods are described as efficient to determine the local minima 
for non-linearly constrained and convex problems. However, these methods cannot be used when 
solving discrete design variables or when using discontinuous functions and domains since for these 
cases it is not possible to calculate a gradient [11]. One solution to overcome such challenges is to 
use a gradient-free optimizer, or to start at different initial conditions in the parameter space.  
In this work, shape optimization is presented as the strategy to develop the configuration of an 
enzymatic reactor. The case study investigates the improvement of the reaction yield for a system 
using two parallel laminar inlet streams containing the enzyme and substrates respectively, by 
modifying the shape of a microreactor channel. The unfavorable thermodynamic conditions are 
included in the reaction mechanism. The residence time of the compounds inside the microreactor 
was maintained constant in order to normalize the results, and this normalization was practically 
achieved by modifying the inlet flow rate according to the volume changes.  In this case, it is 
considered that the biocatalyst and one of the substrates are slowly diffusing compounds. The 
random search method was the shape optimization method chosen for improving the reactor 
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configuration. Finding the optimized reactor shape computationally gives the opportunity to 
determine beforehand the optimal process conditions and optimal shape before performing 
experimental work, thus reducing the need for experimental work and the related consumption of 
raw materials. 
 
2. Methodology 
2.1 Random search method description 
In the scientific literature several methods for optimization problems can be found. Random search 
is a simple gradient-free optimization method and it has been used and occasionally adopted for 
shape optimization in mechanical engineering [12,13].  
The random search algorithm will search randomly for an optimum over the domain of interest. 
Random search methods are widely applied to continuous as well as discrete optimization problems. 
Compared to deterministic methods, random search methods have the advantage of being applied to 
problems, where the objective function is non-convex (has more than one minimum), non-
differentiable, discontinuous, discrete or applied to a continuous-discrete domain [14]. Furthermore, 
the random search method is characterized as “robust” and it generates useful information in 
optimization problems relatively quickly. 
The generic random search algorithm is defined by the following general optimization problem[15]: 
 
Objective function:   𝛷𝛷 = 𝑚𝑚𝑚𝑚𝑚𝑚
?̅?𝑚 ∈ 𝑆𝑆
𝑓𝑓(?̅?𝑚) (1) 
 
Where ?̅?𝑚 is the vector of n design variables, 𝑆𝑆 is an n-dimensional non-empty region and 𝑓𝑓 is the 
objective function. The objective function for random search may be a black-box function, i.e. the 
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objective function does not need to be defined by a mathematical expression and can be a numerical 
value of 𝑓𝑓 which is returned for an input of ?̅?𝑚. 
The general random search algorithm is described by a sequence of points ?̅?𝑚𝑖𝑖 on the iteration 
𝑖𝑖 = 0,1, …𝑘𝑘 which may depend on the previous points and algorithm parameters. The vector ?̅?𝑚𝑖𝑖 may 
represent a single point or a collection of points.  The generic random search algorithm is given by: 
Step 0: Initialization of the random search with the initial vector ?̅?𝑚0 ⊂ 𝑆𝑆 and iteration index 𝑖𝑖 = 0. 
Step 1: Generation of a collection of candidate points 𝑦𝑦�𝑖𝑖+1 ⊂ 𝑆𝑆 according to a specific generator. 
Step 2: If 𝑓𝑓(𝑦𝑦�𝑖𝑖+1) < 𝑓𝑓(?̅?𝑚𝑖𝑖) a new local optimum set of points has been found. Update the vector  ?̅?𝑚𝑖𝑖 
based on the optimum set of points 𝑦𝑦�𝑖𝑖+1. 
Step 3: If a stopping criterion is met, stop the optimization routine. Otherwise increment 𝑖𝑖 and 
return to Step 1. 
The generic random search algorithm is dependent on the procedure of generating the candidate 
points at Step 1 and on the update procedure in Step 2. A common method to generate a candidate 
point is to take a step size in a vector direction.  Therefore, the Step 1 of the generic routine can be 
described by: 
 
𝑦𝑦�𝑖𝑖+1 = ?̅?𝑚𝑖𝑖 + 𝑘𝑘𝑖𝑖?̅?𝑑𝑖𝑖  (2) 
 
where the candidate point is taking a step from the current point ?̅?𝑚𝑖𝑖 of length 𝑘𝑘𝑖𝑖 in a specified 
direction ?̅?𝑑𝑖𝑖 on iteration 𝑖𝑖. 
An option to generate the direction ?̅?𝑑𝑖𝑖 that does not use any local information is to obtain the 
direction vector by sampling from a uniform distribution on an n-sphere. An n-sphere is the 
generalization of the ordinary sphere to spaces of arbitrary dimension [16]. The radius of an n-
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sphere is defined by a set of points in a (n+1)-dimensional Euclidean space, which are at an equal 
distance 𝑟𝑟 (radius) from the central point. Hence, the n-sphere centered at the origin is defined by: 
 
𝑆𝑆𝑛𝑛 = {𝑚𝑚 ∈ ℝ𝑛𝑛+1:‖𝑚𝑚‖ = 𝑟𝑟} (3) 
 
where 𝑆𝑆𝑛𝑛 is an n-dimensional manifold in an Euclidean (n+1)-dimensional space. 
Specifically, a 0-sphere is the pair of points at the ends of a line segment, a 1-sphere corresponds to 
the circumference of the intersection of a disk and a plane and a 2-sphere corresponds to the two 
dimensional surface, which defines a three dimensional ball [16]. 
The step size can be generated randomly, and it may expand or shrink according to the success of 
the previous sample points. 
 
2.1.2 Shape optimization routine 
As described above, the shape optimization procedure was based on an evolutionary procedure, the 
random search method. 
For an optimization, it is necessary to define the objective function and the constraints. In this 
study, the objective function is the concentration of product at the outlet of the microreactor, which 
must be maximized (alternatively the substrate concentration can be minimized). The optimization 
routine stops when either one of the constraints is satisfied or the system has converged. In this 
optimization problem, the routine will stop due to restrictions when the amount of product formed 
is ten times higher than the amount of product formed for the initial reactor configuration and the 
number of iterations between two local maxima does not exceed 1500. The number of iterations 
between two temporary optima was set to a maximum 1500 in order to limit the optimization time. 
The use of this constraint might stop the optimization cycle before finding the global optimum. 
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However, it was necessary to compromise within the time and computational power available. It is 
possible that the random search method finishes when it finds a local optimum.   
The formulation of this optimization problem is given in Equation 4: 
 
Maximize 𝑓𝑓(?̅?𝑚𝑖𝑖) = ∫ 𝑟𝑟𝑃𝑃(?̅?𝑚𝑖𝑖)𝑑𝑑𝑑𝑑𝛺𝛺  
  Subject to  𝑓𝑓(?̅?𝑚𝑖𝑖) = 10 × 𝑓𝑓(?̅?𝑚0) 
𝑓𝑓(?̅?𝑚𝑖𝑖) ≤ 𝑓𝑓(?̅?𝑚𝑖𝑖+𝑒𝑒);    𝑒𝑒 ≤ 1500 (4) 
 
where 𝑓𝑓 is the objective function, ?̅?𝑚0 is the vector which sets the points for the initial geometry 
positions,  ?̅?𝑚𝑖𝑖 is the vector with the positions of the points, 𝑖𝑖 is the iteration number and 𝑒𝑒 is the 
number that evaluates the number of iterations between two local optima. 
Using the notation defined previously the optimization procedure is defined by the following 
algorithm: 
Until either the concentration of product is ten times higher or the number of iterations between two 
local optima is more than 1500, run the following cycle: 
-Initialize the random search with the initial vector ?̅?𝑚0 =  {𝑚𝑚1, 𝑚𝑚2, … 𝑚𝑚𝑛𝑛} ⊂ 𝑆𝑆, which gives the 
shape presented in Figure 1. 
-Sample a new position for each of the elements of the vector 𝑦𝑦�𝑖𝑖+1  = {𝑦𝑦1,𝑦𝑦2 … 𝑦𝑦𝑛𝑛} ⊂ 𝑆𝑆 from 
the 0-sphere by the pair of points {𝑚𝑚𝑛𝑛 − 0.03𝑚𝑚𝑛𝑛, 𝑚𝑚𝑛𝑛 + 0.03𝑚𝑚𝑛𝑛} and by setting a random step 
size within the interval [0,1]. 
- If 𝑓𝑓(𝑦𝑦�𝑖𝑖+1) > 𝑓𝑓(?̅?𝑚𝑖𝑖) a new local optimum set of points has been found. Set the vector  ?̅?𝑚𝑖𝑖 
based on the optimum set of points 𝑦𝑦�𝑖𝑖+1.  
-Interrupt the cycle when the concentration of product at the outlet is ten times higher or the 
number of iterations between local optima is more than 1500. Otherwise increment 𝑖𝑖 and 
return to the second step. 
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The optimization routine consists of a finite volume analysis performed by ANSYS CFX® coupled 
with a MATLAB® routine, which includes the optimization procedure. ANSYS CFX® is a 
commercial computational fluid dynamics (CFD) software that is characterized as a “black box” 
software meaning that the user has no direct access to the mathematical equations of the fluid 
governing equations such as the Navier-Stokes equation, continuity equation and energy equation. 
Therefore, the user is not able to integrate the governing equations in the optimization routine.  
However, ANSYS CFX® differs from the other commercial CFD software packages by giving the 
opportunity to write the mesh files (software ICEM CFD®), the simulation setup file (software  
CFX-Pre®) and the post-processing files (software CFX-Post®) as script files (See Figure 1). These 
script files are recorded files and are the basis for automatically establishing geometry, mesh, setup 
and post-processing procedures. The executing files for mesh, setup and solving are then generated 
from the script files.  
The change of these script files, the generation of the executing files and the execution of the 
simulation can be performed via batch mode processes. With help of a user-programmed Matlab® 
code it is possible to establish commands for defining a run of a simulation in batch mode. It is 
furthermore possible to convert script files into arrays, modify system properties or points for 
definition of the geometry and command the start of a simulation. Therefore, there is a great 
opportunity to link and to establish a user-programmed and fully automated optimization routine 
between ANSYS CFX® and MATLAB®. 
It is important to emphasize that the two software programs have distinct roles: ANSYS CFX® 
solves the fluidic problem with the integrated reaction system and evaluates the product 
concentration at the outlet while MATLAB® executes the optimization method. The routine and 
interaction between ANSYS CFX® and MATLAB® used for the shape optimization routine is 
represented in Figure 1. 
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The optimization routine established in MATLAB® is characterized by five steps. The first step is 
to read information about the product concentration at the outlet of the reactor from the post 
processing file of ANSYS CFX®. The second step is the decision on keeping the new geometry 
according to results read from the post processing file. The third step is the generation of a new set 
of points according to the random search procedure. Finally, the two last steps are the update of the 
reactor geometry and the flow rate in the CFD scripts and the start of the new CFD simulation. In 
shape optimization the alterations are directly made to the geometry and therefore the script file is 
Figure 1 – Algorithm for the shape optimization of the enzymatic microreactor. 
Is the new configuration 
better than the old one? 
MATLAB® 
Write the scripts for ICEM CFD® and 
ANSYS CFX-Pre® 
MATLAB® 
Run in batch: ICEM CFD®, ANSYS 
CFX-Pre®, ANSYS CFX Manager 
Solver® and ANSYS CFX-Post® 
ANSYS CFX® 
Concentration of 
Product at Outlet 
ANSYS CFX ® 
Set the points for designing the 
geometry 
MATLAB® 
Start 
No 
Yes 
Is 𝑓𝑓(?̅?𝑚𝑖𝑖) = 10 × 𝑓𝑓(?̅?𝑚0) 
or 
  𝑓𝑓(?̅?𝑚𝑖𝑖) ≤ 𝑓𝑓(?̅?𝑚𝑖𝑖+𝑒𝑒);    𝑒𝑒 ≤ 1500 ? 
 MATLAB® 
Keep the new configuration 
MATLAB® 
Keep the old configuration 
MATLAB® 
Yes 
End 
No 
Define the initial geometry 
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updated for each iteration, which then creates the geometry and mesh (ICEM CFD®). All the other 
set-up files are modified and generated automatically according to the changes of this new 
geometry/mesh file.  
 
2.2 Case study description  
The chosen case study investigates the optimization of the shape of the walls of a microreactor and 
evaluates how much the changes of the wall shape can improve the reaction yield. The 
microbioreactor is used for the production of optically pure chiral amines through an enzymatic 
reaction using amine transaminase (ATA). Chiral amines are important compounds in the synthesis 
of pharmaceutical drugs and agrochemicals [17,18]. Although chemical processes producing chiral 
amines already exist, the biocatalytic route has been considered as an important alternative process 
due to several advantages. The biocatalytic processes using enzymes are characterized by mild 
reaction conditions, high stereoselectivity and high enantioselectivity [19]. However, the reaction 
catalyzed by ATA is considered to be a very complex reaction with many challenges. One of the 
challenges with this biocatalytic reaction is the inhibition of amine transaminase by both the 
substrates and the products. Moreover, the ATA catalyzed reaction is also characterized by an 
unfavorable thermodynamic equilibrium, which drives the reaction towards the substrates [20]. 
The chosen model reaction is the synthesis of the chiral product (S)-1-phenylethylamine (PEA) and 
acetone (ACE) from acetophenone (APH) and isopropylamine (IPA) catalyzed by amine 
transaminase (ATA) as biocatalyst (Figure 2).  
 
 
Figure 2 - Reaction system studied in the frame of microreactor optimization. 
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ATA follows the Ping Pong Bi Bi kinetic mechanism in which one of the substrates (in this case, 
isopropylamine) binds first to the enzyme, and the co-product (acetone) is released before the 
second substrate (acetophenone) binds, and finally the product ((S)-1-phenylethylamine) is released 
from the enzyme site last. The kinetic rate equation for this reaction mechanism is given by [21]: 
 
𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑑𝑑[𝑃𝑃𝑃𝑃𝑃𝑃]𝑑𝑑𝑑𝑑
= [𝑃𝑃0]𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟 �[𝑃𝑃𝑃𝑃𝐴𝐴][𝐼𝐼𝑃𝑃𝑃𝑃] −  [𝑃𝑃𝑃𝑃𝑃𝑃][𝑃𝑃𝐴𝐴𝑃𝑃]𝐾𝐾𝑒𝑒𝑒𝑒 �
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓 𝐾𝐾𝑚𝑚𝑃𝑃𝑃𝑃𝐴𝐴[𝐼𝐼𝑃𝑃𝑃𝑃]�1 + [𝑃𝑃𝑃𝑃𝑃𝑃]𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃 + [𝐼𝐼𝑃𝑃𝑃𝑃]𝐾𝐾𝑆𝑆𝑖𝑖𝐼𝐼𝑃𝑃𝑃𝑃 � + 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟 𝐾𝐾𝑚𝑚𝐼𝐼𝑃𝑃𝑃𝑃[𝑃𝑃𝑃𝑃𝐴𝐴] �1 + [𝑃𝑃𝑃𝑃𝐴𝐴]𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝑃𝑃𝐴𝐴 + [𝑃𝑃𝐴𝐴𝑃𝑃]𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝐴𝐴𝑃𝑃 � + 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 𝐾𝐾𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃[𝑃𝑃𝐴𝐴𝑃𝑃]𝐾𝐾𝑒𝑒𝑒𝑒 �1 + [𝑃𝑃𝑃𝑃𝐴𝐴]𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝑃𝑃𝐴𝐴 + [𝑃𝑃𝐴𝐴𝑃𝑃]𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝐴𝐴𝑃𝑃 �+𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 𝐾𝐾𝑚𝑚𝑃𝑃𝐴𝐴𝑃𝑃[𝑃𝑃𝑃𝑃𝑃𝑃]𝐾𝐾𝑒𝑒𝑒𝑒 �1 + [𝑃𝑃𝑃𝑃𝑃𝑃]𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃 + [𝐼𝐼𝑃𝑃𝑃𝑃]𝐾𝐾𝑆𝑆𝑖𝑖𝐼𝐼𝑃𝑃𝑃𝑃 � +  𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟 [𝑃𝑃𝑃𝑃𝐴𝐴][𝐼𝐼𝑃𝑃𝑃𝑃] + 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 𝐾𝐾𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃[𝐼𝐼𝑃𝑃𝑃𝑃][𝑃𝑃𝐴𝐴𝑃𝑃]𝐾𝐾𝑒𝑒𝑒𝑒𝐾𝐾𝑖𝑖𝐼𝐼𝑃𝑃𝑃𝑃 + 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 [𝑃𝑃𝐴𝐴𝑃𝑃][𝑃𝑃𝑃𝑃𝑃𝑃]𝐾𝐾𝑒𝑒𝑒𝑒 + 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 𝐾𝐾𝑚𝑚𝐼𝐼𝑃𝑃𝑃𝑃[𝑃𝑃𝑃𝑃𝐴𝐴][𝑃𝑃𝑃𝑃𝑃𝑃]𝐾𝐾𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃
 (5) 
 
The specific kinetic parameters for this reaction system were determined and calibrated to the 
enzymatic mechanism by Al-Haque et al. (2012) [22].  Detailed information regarding the reaction 
mechanism and parameters can be found in Appendix A. In this case study, two compounds are 
considered as slowly diffusing compounds: ATA (D = 1·10-11 m2 s-1) and acetophenone (D = 1·10-12 
m2 s-1). ATA is considered to be a slow diffusing molecule due to its large molecular structure. 
Therefore, its diffusion coefficient was considered to be similar to the values reported for enzymes, 
10-11 m2·s-1 [23]. The slow diffusion of acetophenone in aqueous solution has been reported by 
Bodla et al. (2013) [24]. All the other compounds involved in this reaction system were considered 
to be fast diffusing substances and are assumed to have the same diffusion coefficient, 1·10-9 m2·s-1. 
 
2.2.1 Initial configuration of the microreactor 
The dimensions of the reactor in this case study are in the range of micrometers and therefore the 
flow is under microfluidic and laminar flow conditions. Microreactors are in general characterized 
by a very large surface-area-to-volume-ratio, very effective heat and mass transfer and enhanced 
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control of process conditions due to automation. In microfluidics the flow is characterized by 
laminar flow, and therefore the mixing is essentially caused by diffusion. However, in this case 
study some of the compounds are characterized by low diffusion, and therefore the mass transfer 
within the reaction chamber is not very effective. This phenomenon gives the motivation to 
investigate the impact of shape optimization on the slow mixing velocity of acetophenone and 
ATA. 
The dependency of the reaction in relation to the fluid mechanics of the system and the properties of 
the compounds will be evaluated by the governing equations of CFD i.e. the Navier-Stokes and the 
continuity equations represented below.  
 
 
Navier-Stokes equation:        𝜕𝜕
𝜕𝜕𝑐𝑐
𝜌𝜌𝒗𝒗 = −(𝛁𝛁 ∙ 𝜌𝜌𝒗𝒗𝒗𝒗) − 𝛁𝛁 ∙ 𝑝𝑝 − (𝛁𝛁 ∙ 𝝉𝝉) (6) 
 
Continuity equation:       𝜕𝜕𝜕𝜕
𝜕𝜕𝑐𝑐
  =   −∇(𝜌𝜌. ?⃗?𝑣)  + 𝑆𝑆  (7) 
 
The coupling with energy balances is not implemented since the reaction occurs under isothermal 
conditions.  
The initial shape of the studied microreactor has the form of a YY-microchannel with a rectangular 
cross-section where the inlet and the outlet are located at the respective ends of the reactor. A YY-
microchannel is characterized by a long main reaction channel and by two channels at each 
extremity which meet at the beginning/end of the main channel making an angle lower than 90°, i.e. 
forming a Y shape (See Figure 3). 
The Y shapes at each end of the reaction chamber correspond to the inlet and the outlet where two 
streams meet at the entrance of the main channel and are again split into two streams at the exit of 
the channel. In one inlet of the microreactor, a solution with ATA is introduced, and a solution of 
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acetophenone and isopropylamine enters in the other inlet (See Figure 3). The concentrations of the 
reactants and enzyme can be found in Appendix A. 
The optimization routine focuses on the modification of the surface of the main channel of a 
microreactor. The main channel consists of a chamber without divisions. The initial configuration 
has the following dimensions: 0.25 mm of width for each inlet and outlet, 1 mm of height and 100 
mm of length (see Figure 3). 
   
Figure 3 - Microreactor configuration with indication of the inlets and outlets and the substances introduced 
at each inlet with a detailed view of the inlet of the reaction channel. 
 
The shape optimization routine makes changes on small vertical sections of the reaction chamber 
measuring 1 mm in length. These vertical sections are characterized by a closed spline, which 
connects a group of 14 points. These splines are linked to form the surface of the channel (see 
Figure 4a)).  
The distance between the closed splines is very small, and if the whole channel is considered, the 
optimization problem would be excessively large in terms of computational effort. This study 
therefore focused only the first section of the reaction channel (10 mm).  
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The points on the surface of the considered section (140 points) are modified according to the 
random search procedure. The closed splines are modified due to the alteration of the disposition of 
the points and consequently the shape of the channel is also modified. The points which are on the 
lateral parts of the channel can be moved horizontally, the points at the top and bottom of the 
channel can be moved vertically and the corner points can be moved in both vertical and horizontal 
directions (See Figure 4b)). The residence time inside the section of the microreactor is 3 minutes 
for all simulations. Since the volume of the microreactor varies from simulation to simulation, the 
flowrate has to be adjusted in order to maintain the residence time constant. 
 
            
Figure 4 - a) YY-microreactor configuration; b) Structure to be optimized with all surface points represented 
and the directions for modification of the points indicated by arrows. 
 
The microreactor geometry has been discretized in small volume elements creating a mesh. The 
generation of the mesh and discretization of the domain into elements allows the numerical solution 
of the governing equations of the CFD code which provides discrete values of the equations for 
each mesh node. The mesh is one important part of the CFD simulation since the quality of the 
mesh matters for the solution of the CFD analysis. Therefore, the mesh generation is usually a 
complicated and time consuming process. 
The mesh generation method has been recorded in a script file when the mesh was generated for the 
initial shape. The method for generating the mesh is the same for all the shapes given by the random 
a) b) 
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search method. The mesh adapts itself to all the different geometries and it is ensured that the mesh 
covers the whole microreactor structure. In this way it is possible to achieve consistency and 
automation of the mesh generation without user interference.  
The used mesh is a structured mesh for which the geometry is discretized in quadrilateral elements 
in 2D and hexahedral elements in 3D. All microreactor configurations were discretized in 97944 
hexahedral elements. A structured mesh presents several advantages compared to an unstructured 
one (tetrahedral elements) such as higher accuracy of the simulation – especially for flows with 
high gradients, better convergence and fewer mesh elements and therefore lower computation time 
and memory usage [25]. By adopting this type of mesh, the domain became discontinuous, which 
means not all combinations of points will be possible.  
The discontinuity of the domain is caused by the formation of a sharp angled geometry for some 
combinations of points and therefore the elements in that zone tend to be tetrahedral and stop being 
hexahedral. The quality of the mesh is evaluated by the angles of the elements, and should be 
sufficient to fulfill the solver requirements.  
 
 
 
 
 
 
 
 
 
 
 
 
a) b) 
Figure 5 – a) applied mesh strategy for a microreactor with shape optimization for the initial shape. b) O-
grid application to the mesh of the microreactor 
O-grid fixed by 
center points 
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The ANSYS CFX® compatible mesh generator, ICEM CFD® has the option to verify the mesh 
quality. The approach used to evaluate the quality was the named Determinant method. This method 
computes the deformation of the elements in the mesh by calculating the Jacobian matrix of each 
hexahedron and then normalizes the determinant of the matrix. A value of 1 represents a perfect 
hexahedral cube, while a value equal to 0 corresponds to an inverted cube with a negative volume. 
In general, determinant values above 0.3 are acceptable for the solver method used here. The 
created geometry does not have a rectangular cross-section. In fact the corners of the cross-section 
are curved.  
A curvilinear mesh called O-grid in ICEM CFD®, which is usually applied to curved shapes, was 
applied to the faces of the inlet and outlet as shown in Figure 5a) in order to minimize the 
discontinuity of the domain. The center points of the O-grid, which correspond to the corners of the 
perfect hexahedral elements of the structure, have been fixed in position for the initial shape of the 
microreactor. In this way it was possible to avoid sharp angles inside the structure (see Figure 5b)). 
Despite all the efforts to avoid discontinuous domains, there were still several shapes for which it 
was not possible to solve the system due to poor mesh quality. Therefore, the shapes with bad 
quality mesh were not considered in this study. 
 
3. Results and Discussion 
This optimization study included in total 9296 simulations, and each simulation took between 2-5 
minutes to solve. The best achieved shape has the aspect of a wavy structure on all four walls of the 
channel. In the initial configuration, 4.4·10-5 mM of substrate were converted.  
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Figure 6 - Concentration of phenylethylamine at the outlet of the microreactor for all the temporary optimal 
configurations obtained during the optimization cycle. 
 
The low conversion inside the channel was expected due to the slow diffusion of the enzyme and 
acetophenone which results in a very thin interface between the parallel streams where the reaction 
occurs. Figure 6 shows the phenylethylamine concentration at the outlet of all the temporary 
optimal configurations obtained plotted along the iterations of the optimization cycle. One should 
note that in the beginning of the optimization it was easy to find a new optimal configuration, 
however at the end of the cycle the number of iterations required to obtain a better configuration 
increased exponentially. The changes made to the surface of the reactor channel resulted in sharp 
angled geometries which have a negative impact on the mesh and prevented the simulations from 
running as explained before. In the end of the cycle the microreactor shape was very complex and 
more likely to form sharp angles. Thus, the shape was restricted to fewer geometries which could be 
simulated and it became more difficult to find the next optimum. The optimization routine ended up 
stopping because of the condition of limiting the number of iterations between two local optima to 
0
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1500. In the final configuration, the reaction yield was 8.4 times the yield of the initial shape 
corresponding to 37.1·10-5 mM of product formed (see Figure 6). The achieved improvement was 
very close to the pre-defined goal, which was to achieve 10 times the yield of the initial shape. 
A previous study using topology optimization on a microreactor [26] has shown an improvement of 
10 fold which is similar to the result obtained in this study. These results show that the optimization 
of the shape and the topology of microreactors is high impact strategies for designing microreactors. 
 
Initial Configuration 
Acetophenone Phenylethylamine 
  
  
Final Configuration 
Acetophenone Phenylethylamine 
  
Figure 7 - Concentration of acetophenone and phenylethylamine along the channel for initial and final 
configurations. 
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The comparison of the results between the initial configuration and the final configuration for the 
substrate consumption and the product formation can be found in Figure 7. The comparison 
between the geometry of the initial and the final microreactor configurations can be seen in Figure 
8. The final configuration is characterized by a series of expansions and shrinkages of the surface of 
the microreactor. From Figure 7 and Figure 8, it is possible to verify that the curvatures resulting 
from the optimization procedure have a significant influence on the mixing of the parallel streams 
and consequently on the reaction yield. 
 
Initial Configuration 
Left Side  Right Side Bottom Top  
  
  
Final Configuration 
Left Side Right Side Bottom Top  
    
Figure 8 - Views from the four directions of the initial and final configurations 
 
It is also possible to verify that the bottom and the top surfaces changed more than the lateral 
surfaces. The displacement of the points on the top and the bottom seems to have a higher 
importance than the movement of the points on the lateral surfaces.  
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From the bottom view, it is possible to see that a deep and narrow expansion contributes greatly to 
the mixing of the two streams and consequently to the product formation. The narrowing of the 
channel contributes to shorter diffusion distances of the compounds, and therefore to the mixing and 
consequently, to a higher reaction yield. From the top view, the channel contributes to the mixing 
inside by introducing a passive mixing form similar to a staggered herringbone structure. The 
staggered herringbone and similar structures have been widely applied in micromixers and reported 
in the scientific literature [27,28]. This kind of structures introduces helix shaped streamlines which 
have a considerable impact on the mixing of parallel streams [29]. The analysis of the results 
suggests that in this case the mixing plays an important role for achieving higher yields.  
The resulting structure of shape optimization of the YY-microreactor is very complex. The 
complexity of the shape makes the fabrication of the structure very difficult or impossible and 
therefore it is not feasible to investigate the final microreactor design experimentally. The 
achievement of this complex structure was caused by the high number of design variables (points 
distributed on the microreactor surface), by the various combinations for displacement of the points 
and by the discontinuous domain, which withholds the solution of geometries that did not fulfill the 
mesh solver requirements. However, this study allows gathering information which can be useful 
for the future fabrication of improved microreactors with integrated mixing.  
 
4. Conclusions 
This article presents an innovative application of shape optimization which was used for optimizing 
a three-dimensional geometry of a reactor. This novel reactor intensification procedure allowed the 
evaluation of the influence of the modification of a microreactor channel shape on the reaction 
yield. 
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The optimization routine is a link between two software packages: ANSYS CFD® and MATLAB®. 
The user can record ANSYS CFD® script files which establish the geometry, mesh, simulation 
setup, simulation solution and post processing. On the other hand MATLAB® makes the changes to 
the script files according to the random search method which is also implemented by MATLAB®. 
The final configuration cannot be easily fabricated due to the complexity of the resulting structure. 
However, the shape optimization of the microreactor allows the collection of information on how to 
build a microreactor with a shape that promotes the reaction. Upon the start of the implementation 
of the case study, there was no information on the impact of the complex kinetics on the reaction 
yield. From the results of shape optimization, it was possible to identify that the mixing by 
convection is the most important phenomenon for the product formation in this specific case. The 
results of this case study are in fact a validation of this shape optimization method since the final 
flow configuration resembles the flow in a staggered herringbone structure, which is a very well-
known well-performing passive mixer. 
The final conclusion from this study is that shape optimization allows the investigation of potential 
intensification strategies in order to create improved reactor designs. Although in this case it is not 
possible to fabricate the final configuration due to the high number of design variables (surface 
points), nonetheless, this challenge can be overcome by simplifying the shape optimization method. 
This simplification can be achieved by implementing more restrictions in the optimization 
procedure which consider the feasibility of fabrication. 
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Appendix A 
The reaction mechanism is characterized by 14 parameters, which include the reaction rate 
constants, the Michaelis-Menten constants, the product and substrate inhibition constants and the 
equilibrium constant of the reaction. The rate equation describes both the forward reaction towards 
product formation (phenylethylamine and acetone) and the reverse reaction towards the substrate 
formation (acetophenone and isopropylamine). The Equation 4 represents the reaction mechanism 
of the amino transaminase and is characterized by the Ping Pong Bi Bi mechanism. This equation 
represents both the forward reaction towards the products, (S)-1-phenylethylamine (PEA) and 
acetone (ACE), and the reverse reaction towards the substrates, acetophenone (APH) and 
isopropylamine (IPA). In the reaction rate equation, the turnover number of the forward reaction is 
represented by 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓  and the turnover number of the reverse reaction is denoted by 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟 . The rate 
equation includes also the Michaelis-Menten constant for each of the compounds participating in 
the reaction. The Michaelis-Menten constants for acetophenone, isopropylamine, (S)-1-
phenylethylamine and acetone are denoted by 𝐾𝐾𝑀𝑀𝑃𝑃𝑃𝑃𝐴𝐴, 𝐾𝐾𝑀𝑀𝐼𝐼𝑃𝑃𝑃𝑃, 𝐾𝐾𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃 and 𝐾𝐾𝑀𝑀𝑃𝑃𝐴𝐴𝑃𝑃, respectively. 
This specific reaction is greatly influenced by competitive substrate inhibition of acetophenone and 
(S)-1-phenylethylamine. The substrate inhibition constants for both acetophenone and (S)-1-
phenylethylamine are represented by 𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝑃𝑃𝐴𝐴and 𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃, respectively. The significance of substrate 
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inhibition by acetone (𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝐴𝐴𝑃𝑃) and isopropylamine (𝐾𝐾𝑆𝑆𝑖𝑖𝐼𝐼𝑃𝑃𝑃𝑃) was found to be negligible. The core 
inhibition constants for acetophenone, isopropylamine, (S)-1-phenylethylamine and acetone are 
represented in the kinetic equation by (𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝑃𝑃𝐴𝐴), (𝐾𝐾𝑆𝑆𝑖𝑖𝐼𝐼𝑃𝑃𝑃𝑃), (𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃) and (𝐾𝐾𝑆𝑆𝑖𝑖𝑃𝑃𝐴𝐴𝑃𝑃). The equilibrium constant 
is given by 𝐾𝐾𝑒𝑒𝑒𝑒. The parameters γ and λ are the binary reaction direction indicators. The parameters, 
estimated by Al-Haque et al. [22] and used in these simulations, are summarized in Table A1.  
 
Table A1 – Parameters of the kinetic model estimated by Al-Haque et al. [22]. 
Rate constants (min-1)  Substrate inhibition constants (mM) 
Kfcat 0.0078  KSiAPH 4.15 
Krcat 0.013  KSiPEA 10.38 
Michaelis-Menten constants 
(mM)  
Core inhibition constants 
(mM) 
KMAPH 1.85  KiAPH 0.09 
KMIPA 101.28  KiIPA 4281 
KMACE 148.99  KiACE 0.11 
KMPEA 0.12  KiPEA 105 
Equilibrium constant    
KEQ 0.033    
 
The concentrations of the substrates and the enzyme at the inlet before mixing the flows are 
presented in Table A2: 
 
 Table A2 – Concentration of substrates and enzyme at the inlet of the microreactor.  
Substance Concentration 
Acetophenone 20 mM 
Isopropylamine 1 M 
ω-transaminase 0.15 M 
  
The choice of the substrate and enzyme concentrations considered in this study was made based on 
experimental work of Bodla et al. [24]. The concentration of enzyme was calculated from 
previously cited information available in the scientific literature (6 mg/mL) and assuming that the 
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molecular weight of the enzyme is 40 kDa and the mass of enzyme preparation contained 
exclusively pure enzyme. 
